INTRODUCTION

Data collection
Diffraction data analysis allowed us to assign Cellosyl crystals to the monoclinic space group C2 with cell dimensions a=111.15 Å, b=38.22 Å, c=51.04 Å, β=108.21°. The crystals contained one protein monomer per asymmetric unit (23 kD), corresponding to a Matthews coefficient [15] of 2.18 Å 3 / Dalton and a solvent content of 43%. All diffraction data were collected at 100 K using highly liquid paraffin oil as cryo-protectant [16] . The mercury derivative diffraction data were collected at beamline X11 (λ=0.97 Å) of the EMBL Outstation at DESY, Hamburg, using a MAR CCD detector (X-ray Research, Hamburg, Germany). All other derivatives were collected in house using a MAR 300 mm imaging plate detector (X-ray Research, Hamburg, Germany) and CuK α radiation. All diffraction data were auto-indexed, processed, scaled and merged using the programs DENZO and SCALEPACK from the HKL package [17] .
Multiple isomorphous replacement phasing
The structure was solved by the multiple isomorphous replacement (MIR) method using three heavy-atom derivatives (osmium, mercury, osmium-mercury cross derivative). Heavy atom positions were located by difference Patterson and difference Fourier maps using the CNS package [18] . Their positions, occupancies and isotropic B factors were refined with the program SHARP [19] . The initial MIR phases extended to 2.0 Å and the initial density map was improved by density modification using SHARP (estimated solvent content 43%). The electron density map displayed clear molecular boundaries and looked interpretable.
Model building and refinement
Density-modified phases from SHARP were used as input to ARP/wARP [20] . This program was able to automatically trace the entire main-chain with the exception of the C-terminal residue, which exhibits poor electron density. Furthermore, ARP/wARP automatically placed all but five side chains into the density. Manual building of the remaining poorly fit sidechains was conducted in O [21] , although the majority of necessary adjustments involved side-chain flipping of the terminal χ angle for several Asn, Gln and His residues in order to satisfy hydrogen-bonding requirements. Refinement of the rebuilt model was conducted in CNS [18] using 4.9% of the reflections as a test set. Both overall B-factor corrections and bulk solvent corrections were applied. Subsequent simulated annealing, conjugate gradient and atomic B-factor refinement resulted in an R-factor of 27.3% (R free = 30.8%). The addition of 9 chloride ions based on strong anomalous peaks (> 5 σ above the mean) present in the primary solvent shell and of 399 water molecules, along with further refinement, lowered the R-factor to a final value of 15.2% and R free of 18.4% for all reflections between 50-1.65 Å.
There is clear electron density in the final map for all 217 amino acid residues with the exception of the apparently highly mobile side chain of Arg208 and the carboxy-terminal residue Ala217. Bond lengths and angles are close to ideal for almost all residues ( Table 1) .
Most of the residues (87%) in the polypeptide chain lie within the highly favourable regions of the Ramanchandran plot and none fall into the disallowed region [22] . Atomic coordinates have been deposited in the Research Collaboratory for Structural Bioinformatics Protein Data Bank under PDB 1JFX.
RESULTS AND DISCUSSION
Overall protein structure
The structure of Cellosyl comprises a single domain, with the shape of a flattened ellipsoid 7 by guest on http://www.jbc.org/ Downloaded from with dimensions of 45 Å × 35 Å × 25 Å. The enzyme has a β/α barrel fold which is different from the (β/α) 8 barrels found in triosephosphate isomerase (TIM) and many other enzymes [23] . It is composed of eight β-strands and six α-helices, with the strands forming the staves of the barrel and the helices located around it (Fig. 2) . As in regular TIM barrels, the first five β-strands and α-helices alternate. However, the fifth α-helix is followed by strands β6 to β8 which are connected by loops lacking any helices. Helix α6 is located at the carboxyterminus of the polypeptide chain, sitting at the bottom (N-terminal end) of the barrel. All β-strands are arranged parallel to one another, except strand β8 which, very unusually, is in an antiparallel orientation with respect to the other strands .
The loop between the antiparallel strands β7 and β8 consists of eight amino acid residues. This is considerably shorter than the connections between the parallel β-strands which are between 17 and 37 residues long (including the α-helices). Strand β2 (residues 29 to 36) is somewhat longer than most other strands in the barrel and forms a short β-hairpin (hydrogen bonding with residues 40 and 42) at its carboxy-terminal end. The loop connecting β1 and α1 contains a short 3 10 helix. The only disulfide bond of Cellosyl involves Cys108 in the loop between β4 and α4, and Cys147 at the carboxy-terminal end of α5.
Active Site Geometry
In all known 'conventional' β/α-barrel enzymes, the active site is located at the carboxyterminal end of the β-barrel. In spite of the presence of one antiparallel strand (β8) in the barrel, the same can be expected for Cellosyl. This is supported by the fact that amino acids at the carboxy-terminal ends of β1 to β4 are highly conserved among lysozymes from bacteria and Chalaropsis (Fig. 3) . Indeed, a prominent, long groove, very likely the substrate-binding site, is located on the carboxy-terminal face of the Cellosyl β-barrel. This groove culminates in a deep hole of highly negative electrostatic potential (Fig. 4) which we identified as the catalytic site of the enzyme.
The central hole is lined by acidic residues Asp9, Asp98, Glu100, and Asp198. Glu36, which has previously been proposed to be involved in catalysis in Chalaropsis-type lysozymes [24] is located at the tip of strand β2. Its carboxylate side-chain is oriented towards the substrate-binding groove but it is not part of the central hole. Also, it lacks an acidic or neutral hydrogen-bonding residue in its immediate spatial neighbourhood; instead, it forms a strong salt-bridge (2.70 Å) with the conserved Lys33. We therefore suggest that Glu36 is involved in substrate binding, but not in substrate cleavage. This is supported by the finding that mutation of Glu36 in Ch-type phage lysozymes does not lead to a dramatic reduction of the activity [25] .
The other residue previously proposed to be involved in the catalytic activity of Chalaropsis-type lysozymes is Asp9 [24] . Mutation studies on the pneumococcal Chalaropsis lysozyme yielded 2.2%, 1.7% and 0.2% of the wild-type activity for mutants D9N, D9E and D9A, respectively [25] . In Cellosyl, Asp9 is hydrogen-bonded to Asp198 which, however, is not conserved within the Chalaropsis lysozyme family.
Across from Asp9, on the opposite rim of the central hole (see Fig. 4 ), the carboxylic groups of the absolutely conserved residues Asp98 and Glu100 are lined up. The pair Asp98 -Glu100 is connected by a strong hydrogen bond (Asp98 Oδ1 -Glu100 Oε1: 2.6 Å), requiring at least one of the two carboxylic groups to be protonated. Judging from the active site geometry, Asp9, Asp98 and Glu100 are candidates for the catalytically active residues. 
Relationship to other lysozyme structures
As outlined in the introduction, four different classes of lysozymes can be distinguished at present [1] . It is believed that the three classes represented by hen egg-white lysozyme (HEWL), goose egg-white lysozyme (GEWL), and phage T4 lysozyme are the result of divergent evolution from a common ancestor [26] . Despite the fact that they do not share any statistically significant sequence identity, their three-dimensional structures show some intriguing, albeit distant, similarities: The active site is located in a crevice between two domains which are connected by a long α-helix. A glutamic acid residue, proposed to be essential for general acid catalysis, is located at the carboxy-terminal end of an α-helix in the amino-terminal half of each of the proteins [26] .
The β/α barrel fold of Cellosyl is completely unrelated to the tertiary structures of HEWL, GEWL and T4 lysozyme and defines a fourth family, that of the Chalaropsis-type lysozymes. Harada et al. [12] published a Cα backbone model for a lysozyme from Streptomyces erythraeus which has about the same molecular weight as Cellosyl but was described as consisting of three distinct domains, very different from the structure presented here. Given the significant sequence similarity (49% identity) between the two Streptomyces lysozymes, it is conceivable that the apparent structural differences are due to the relatively low resolution (2.9 Å) of that crystallographic study which was carried out in 1981, i.e. before the advent of molecular graphics, and in the absence of a complete amino-acid sequence [12] .
The primary structure of Cellosyl also displays 47 % identity to that of Chalaropsis lysozyme, the prototype of the Ch lysozyme family. It is therefore conceivable that all members of this family share the unusual β/α fold described here.
Relationship to other β/α barrel enzymes
Since the first five strands and helices of Cellosyl are similar to the corresponding secondary structure elements of conventional, all-parallel, (β/α) 8 barrels, a search for structural similarities [27] subdomain of 55 residues located between β6 and α6 [29] ). In Cellosyl, helix α5 comprises eight residues but the helices corresponding to α6 and α7 in the conventional TIM barrel are missing. The active-site glutamate residues of the aforementioned glucanases are located at the carboxy termini of strands β4 and β7. In Cellosyl, the proposed catalytic residues (Asp9, Asp98 and Glu100) are located at the carboxy-terminal ends of strand β1 and β4, while strand β7 does not carry residues likely to be directly involved in catalysis.
As mentioned above, a very unique structural feature of Cellosyl is the antiparallel orientation of strand β8 in the barrel (Fig. 6) . The only other enzyme known to have a β/α-barrel fold with an antiparallel β-strand is enolase [30] . Enolase is a glycolytic enzyme which catalyzes the dehydration of 2-phospho-D-glycerate to phosphoenolpyruvate. The protein consists of a smaller N-terminal domain and a larger C-terminal domain which is an 8-fold β/α-barrel with a β(α((βα) 6 topology. In the enolase barrel, the second β-strand is antiparallel to the other strands and the first α-helix is antiparallel to the other α-helices. The unusual antiparallel orientation of a β-strand in a β/α-barrel does not seem to lead to a reduced number of hydrogen bonds made by main-chain amides and carbonyls in the strand: The antiparallel strand β2 in enolase makes 10 main-chain hydrogen bonds with its neighbours, and in Cellosyl, there are seven H-bonds made between strands β8 and β7, and three such interactions between strands β8 and β1. The number of hydrogen bonds made by strand β8 of Cellosyl therefore agrees well with the average number (6 -14) for strands β2 to β6 which constitute the all-parallel part of the barrel.
The fact that the second β-strand of the barrel of enolase is arranged in an antiparallel fashion is, unfortunately, hardly mentioned at all in the literature. Thus, enolase has been grouped into one superfamily with muconate-lactonizing enzyme (MLE) and mandelate racemase (MR) which exhibit the canonical all-parallel β 8 topology [31] . With Cellosyl, a second enzyme has been shown to have an antiparallel β-strand in the barrel.
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